Abstract-A single-stage equivalent circuit is proposed to model microwave bandpass filters (BPFs) fabricated in low-temperature co-fired ceramic (LTCC) technology up to several times its passband frequency. The equivalent circuit adopts a modified T topology with the expandable multilayer resonators to achieve an extremely large bandwidth. It can be efficiently established from the measured -parameters using direct extraction or rational approximation. As a result, the modeled -parameters for a 2.45-GHz wideband local area network (WLAN) LTCC BPF show good agreement with the measured results over a wide frequency range up to 8.5 GHz. Such a broadband model can be used to accurately predict the suppression of harmonics and interferences in system simulation of the WLAN front-end modules.
I. INTRODUCTION

I
N WIRELESS front-end applications, microwave bandpass filters (BPFs) are crucial components to suppressing the output harmonics in the transmitter and the input interferences in the receiver, as illustrated in Fig. 1 . When connected with the power amplifiers or low-noise amplifiers, they possibly vary the load or source termination impedances at harmonic frequencies, which has an impact on linearity and efficiency of the amplifiers. However, the measured responses of -parameters provided by the filter manufacturers have quite limited use in quantifying the suppression or termination effects. This is because accurate prediction of those effects generally requires a system-level nonlinear simulation. Broadband SPICE models should still be a must for microwave BPFs when used in the nonlinear simulation with active components.
Due to the complexity of all kinds of electromagnetic (EM) effects involved, the establishment of broadband models for microwave BPFs is still difficult and challenging. Previous methods include the physical models [1] - [3] , EM simulation models [4] - [7] , and model-based approaches [8] - [15] . The physical models can take the high-frequency losses, coupling, and parasitic effects into account, but require complete knowledge of every physical component inside a BPF. The EM simulation models can account for the EM phenomena clearly by partitioning the filter geometrical configuration and establishing the partial-element equivalent circuits (PEECs) based on the EM simulation results. However, EM simulation usually takes a long computation time. Besides, it is sometimes difficult to find a proper partition for accurate PEEC extraction without the help of optimization techniques. The model-based approaches can synthesize a real filter response and, thus, are quite helpful in diagnosing and tuning a BPF. However, they usually require the intensive optimization schemes to find the equivalent-circuit parameters [11] - [13] . In addition, the solutions may not be unique. Although in [10] an extraction procedure using the closed-form recursive formulas was demonstrated to find the equivalent-circuit parameters, the modeled filters were limited to some symmetric and known types. To the best of the authors' knowledge, the equivalent-circuit models for microwave BPFs reported to date in the literature were not yet able to cover a broad frequency range from direct current up to two or more integer times the passband center frequency. In our previous research [16] - [18] for studying and modeling the passive components embedded in a multilayer low-temperature co-fired ceramic (LTCC) substrate, the modified T-equivalent circuit was first found suitable for broadband modeling of spiral inductors of arbitrary kind. Recently we explored the applications of such an equivalent-circuit topology to the LTCC BPFs, and the preliminary modeled results shown in [19] were quite encouraging. In this paper, we aim to provide an evolutionary insight into the broadband characteristics of modified T-equivalent circuit, and compare the accuracy and efficiency between two different approaches, i.e., direct extraction and rational approximation, in establishing the modified T-equivalent circuit. It is emphasized that the proposed modified T-equivalent circuit is only a single-stage model, but can be easily expanded to achieve a bandwidth as large as a distributed circuit model. 
II. EVOLUTION OF BPF PROTOTYPE
The currently available LTCC technology can implement high-performance miniature BPFs quite successfully because of the capability to realize large-value capacitors in a large number of thin substrate layers. To fully employ this capability, most of the LTCC BPF designs adopt a capacitive coupling of parallel resonators as a lumped-element prototype [20] , [21] , which is mainly composed of the large-value multilayer capacitors in conjunction with the small-value meander-line inductors, as illustrated in Fig. 2 . The BPF configuration shown in Fig. 2 uses the capacitive coupling to link two parallel resonators. It has a small size advantage due to the geometrical simplicity. However, it is based on a second-order BPF prototype that has an inherent lower rolloff in comparison with a higher order design [22] , [23] . To improve this drawback, a small ground inductance by means of a proper design of the LTCC ground electrodes and the plated through holes to printed circuit board (PCB) ground can be applied to create a transmission zero in both the lower and higher stopbands for enhancing the rolloff rates. Fig. 3(a) shows a -topology prototype with a series inductive feedback to account for the LTCC BPF configuration shown in Fig. 2 . As shown in Fig. 3 (b), this prototype can synthesize a transmission response with two angular transmission-zero frequencies, i.e., and , at both sides of passband. Another view of this prototype is in a T-topology with a parallel capacitive feedback, as shown in Fig. 3(c) . Generally speaking, the equivalent circuits established based on the prototype shown in Fig. 3(a) or (c) for an LTCC BPF can hardly explain the spurious behavior in the measured -parameter responses. This is because the multilayer capacitors in an LTCC BPF are usually of so large a value as to cause the obvious series and higher order resonance effects [18] , [24] in the frequency range of interest. It might be thought that the equivalent circuits, as suggested in [24] , for modeling the multilayer capacitors with series and higher order resonances can be included. However, this makes the extraction of the equivalent-circuit elements from the measured -parameters become a formidable task. This paper presents an alternative prototype based on the modified T topology shown in Fig. 3(d) as a foundation to establish the broadband equivalent circuits for LTCC BPFs. The new prototype has a unique feature to put all the capacitance elements ( and ) in the parallel and series feedback circuits. Included with the additional mutual and shunt inductance elements ( and ), the modified T-topology prototype shown in Fig. 3 (d) can be equivalent to the prototype shown in Fig. 3 (a) or (c) if the following relations hold:
It is emphasized that such a modified T-topology prototype for modeling an LTCC BPF is easy to include the series and higher order resonances resulting from the multilayer capacitors by expanding the series and parallel feedback circuits as the multilayer resonators. In addition, direct extraction or rational approximation can be applied to find all the equivalent-circuit elements from the measured -parameters. The detailed procedures are provided in Sections IV and V. Fig. 4 (a) shows a generalized modified T-equivalent network proposed for modeling LTCC BPFs. When compared to the well-known T-equivalent network, the modified T-equivalent network additionally includes the parallel-feedback admittance , series-feedback impedance , and mutual inductive impedance to model the coupling and grounding effects. By modeling as a multilayer series/parallel resonator with a continuous increase of layer numbers, as illustrated in Fig. 4(b) , the modified T-equivalent circuit can expand accordingly to an increase in the bandwidth in a way like a distributed circuit, but still remains a single-stage equivalent circuit. At low frequencies, the coupling and grounding effects are negligible, which means mathematically that and as . With this condition, the modified T-equivalent network can reduce to a simple T-equivalent network composed of two series impedance and one shunt impedance only, as shown in Fig. 5(a) . When all types of coupling and grounding effects need to be considered at high frequencies, the modified T-equivalent network, as shown in Fig. 4(a) , can be generally used. After derivation, its and network parameters are expressed as
III. MODIFIED T-EQUIVALENT CIRCUIT
From (4)- (9), we find that the two-port modified T-equivalent network can be decomposed into two one-port networks with input impedance or admittance defined ass (10) (11) From (10), one can know that is equal to the resulting admittance for the total of the main series impedance in parallel connection with the parallel-feedback admittance , as depicted in Fig. 5(b) . From (11) , can be looked upon as the impedance of a series connection of the shunt impedance , series-feedback impedance , and an impedance equal to the parallel connection of two series impedances subtracting the mutual inductive impedance , as depicted in Fig. 5(c) . It is noted that, according to (10) and (11), and can be practically obtained from and network parameters, respectively, converted from the measured or EM-simulated -parameters.
As a matter of fact, the proposed modified T-network topology can be used to establish the mathematically equivalent circuit of any two-port reciprocal component. However, to consider the physical aspects, the actual representation of equivalent circuits using a modified T-network topology in this paper includes the low-frequency extracted parameters and the multilayer resonators to account for the prototype configuration and the high-frequency resonance effects, respectively, for specific use on the LTCC BPFs.
IV. DIRECT EXTRACTION
For our study case of a 2.45-GHz LTCC BPF, it is quite straightforward to extract the equivalent series circuits for , , and in Fig. 5 (a) from the network parameters at low frequencies for low (12) for low (13) for low (14) Extraction of the other equivalent circuits for , , and can rely on input admittance/impedance of the decomposed networks, and , with the suggested equivalent circuit shown in Fig. 6(a) and (b) , respectively.
represents the impedance of the mutual inductance that appears in the BPF prototype configuration of Fig. 3(d) .
and are modeled as the expandable multilayer resonators to account for the higher order resonance effects due to coupling and grounding, respectively. The resonant circuit elements can be extracted from the frequency response of . To determine the reactive elements in the resonant circuit that is composed of a number of series resonators, we need to identify a number of pairs of angular parallel and series resonant frequencies, i.e., and , and , in the imaginary response of within the measurement frequency range, as shown in Fig. 7 . The formulated equation for reactive elements at these resonant frequencies is written as (15) where , which is the inductance extracted from the imaginary part of at low frequencies. Solving (15) yields for and
In this approach, the resistances in the resonant circuit are extracted from 's -factor response, as shown in Fig. 7 rather than 's real response. The reasons are because the former is more closely related to the frequency dependence of insertion loss in an LTCC BPF and also behaves more smoothly than the latter. The definition of is given as
The parallel resistance can be determined from the first peak factor and its corresponding angular frequency using the following approximation of under the lowfrequency condition: (19) where (20) In (19), , which is the resistance in series with and can be extracted from the real part of at low frequencies. Substituting (19) into (18) and setting equal to , one can solve for as
The other resistances, i.e., , , are determined from identifying a number of local minima, i.e., at , , as depicted in Fig. 7 . The formulation can be described as (22) where (23) After substituting (23) into (22) , one can solve for , from the following set of equations: (24) where (25) A side advantage using the response deserves to be mentioned that the frequencies at which becomes zero correspond to the parallel or series resonant frequencies of . This provides a fast way of getting those resonant frequencies data for extracting the reactive elements in the resonant circuit. In a similar fashion, by identifying the parallel and series angular resonant frequencies, i.e., and , in the imaginary response of , as shown in Fig. 8 , we can find and all the reactive elements in the resonant circuit shown in Fig. 6(b) from the following formulation: where and are the inductances extracted from the imaginary part of and , respectively, at low frequencies. Note that as , which implies (27) Solving (26) yields for and (28)
As for the resistances, i.e., , , in the resonant circuit, they are determined from 's factor defined as (30) By identifying a number of local minima, at , in the response, as shown in Fig. 8 , we can express as (31) where (32) In (32), and are the resistances extracted from the real part of and , respectively, at low frequencies. Substituting (32) into (31), one can solve for , from the following set of equations: (33) where (34) V. RATIONAL APPROXIMATION Inspired from the equivalent-circuit configurations shown in Fig. 6(a) and (b) , we consider the rational approximation of and in the following forms:
where (37) Note that in (35)- (37), , , and are real constants, and denote the real residue and the real pole, respectively, and and for are pairs of complex and conjugate residues and poles, respectively. All these constants, residues, and poles in (35)- (37) are determined based on a well-known vector-fitting procedure [25] - [28] . Under low-loss condition, standing for the transfer function of a complex pole pair can be approximated as (38) On the other hand, and according to the equivalent circuits shown in Fig. 6 Thus far, we still need to determine , , and before combining the two one-port equivalent circuits for and into the wanted two-port modified T-equivalent circuit for the LTCC BPF. By referring to Fig. 6(a) and (b) , we know that (47) (48) where is a known element from (27) . Another condition can be obtained by estimating the ratio of to in terms of the network parameters at low frequencies, which is given as for low (49) From (47)- (49) Fig. 2 as our modeling example. The BPF was designed to have an insertion loss less than 2.5 dB in the passband frequency range from 2.4 to 2.5 GHz, and an attenuation more than 25 dB at the second and third harmonic frequencies. To create a transmission zero at both sides of the passband for enhancing the rolloff rate, a small ground inductance was provided, resulting from the plated through holes in the PCB that serves as a mounting substrate. The -parameter measurement for this LTCC BPF was taken up to 8.5 GHz to cover higher than the third harmonic frequency. The measured results met our design goals and also proved our prediction to have the two transmission zeros at approximately 2 and 3 GHz.
Converted from the measured -parameters, the two crucial parameters, i.e., and , for establishing the modified T-equivalent circuit were processed through the procedure of direct extraction and rational approximation described in Sections IV and V, respectively, to determine and compare the equivalent-circuit elements. To have a fair comparison, the above two different modeling approaches were conducted on purpose to construct the equivalent circuits of identical configuration with the same number of elements. Tables I and II show  the necessary extracted data in both procedures for evaluating   TABLE I  PARAMETER VALUES USED IN THE DIRECT-EXTRACTION PROCEDURE  FOR EVALUATING THE EQUIVALENT-CIRCUIT ELEMENTS   TABLE II  PARAMETER VALUES USED IN THE RATIONAL-APPROXIMATION PROCEDURE  FOR EVALUATING THE EQUIVALENT-CIRCUIT ELEMENTS the equivalent-circuit elements. It is noted that the direct-extraction approach utilized the -factor responses of and to find the resonant frequencies, as well as the local maxima and minima points listed in Table I and substituted them into (16), (17), (21) , (24), (28), (29) , and (33) for extracting the equivalent multilayer resonant circuits for and . For the rational-approximation approach, it adopts the 3-dB bandwidth of and at the resonant frequencies identified in the direct-extraction procedure to estimate the complex starting poles to be used in the vector-fitting procedure. This action could avoid the ill-conditioning problems in vector fitting [25] , [26] , and consequently obtained the accurate poles, residues, and coefficient constants listed in Table II very efficiently. Note that the real parts of all poles listed in Table II are negative, which can assure the stability of the fitting models for and . Besides, for consideration of passivity in time-domain simulation, the positive real property of and has been also assured by checking all the residues and coefficient constants listed in Table II to satisfy the relation of positive semidefiniteness described in [28] .
Since the modeled LTCC BPF has low-loss characteristics, the parameters and used in establishing the modified T-equivalent circuits clearly exhibit multiple resonances in the imaginary responses, as can be seen in Figs. 7 and 8. Identifying the resonant frequencies in the imaginary responses of and is greatly helpful to find good rational models with relatively low order. Therefore, there may be no such need to apply the advanced techniques like Cauchy's methods with an adaptive selection of sampling points and model order [13] - [15] or the model-order reduction methods [29] , [30] for yielding the reduced-order rational models.
After substituting the parameters listed in Table II into (43)- (46), we found another set of the equivalent multilayer resonant circuits for and . As for the equivalent series circuits for , , and formulated in (12)- (14) and (50)- (52) during the procedure of direct extraction and rational approximation, respectively, they were primarily extracted at low frequencies. , respectively. Due to the specific use of the local maxima and minima points in resistance extraction, the direct-extraction approach can generate the modeled results for and having better agreement with measurements than the rational-approximation approach. This also implies that the modeled results for and using a rational approximation cannot satisfactorily account for the real responses.
Figs. 12-14 show comparisons of the modeled -parameters and group delays with measurements between the two modified T-equivalent circuits shown in Fig. 9(a) and (b) . It can be seen that the modeled results from direct extraction can achieve an impressive agreement with the measured results over the entire measurement frequency range up to 8.5 GHz. For the other modeled results using rational approximation with worse matching of the and parameters, a larger deviation from measurement has been found in the -related responses, such as the insertion losses in Fig. 12 (a) and (b) and the phase and group delays in Figs. 13 and 14. For general application of the proposed modified T-equivalent circuit topology to other types of filters, or even any microwave passive components in two-port configuration, here we attempt to outline a suggested model extraction procedure as follows.
Step 1) Find a low-frequency prototype with physical sense for the component to be modeled with the modified T-equivalent circuit.
Step 2) Convert the low-frequency prototype into an equivalent circuit in the modified T topology, as described in Section II.
Step 3) Expand the parallel-and series-feedback elements of the equivalent circuit in the modified T topology as multilayer resonators to account for the high-frequency resonance effects, as described in Section III.
Step 4) Decompose the two-port modified T-equivalent circuit into the two one-port circuits with input admittance of for one one-port circuit and input impedance of for the other. Both and data come from the measured or EM-simulated -parameter data, as also described in Section III.
Step 5) Determine the circuit elements in and 's oneport circuits using the direction-extraction method described in Section IV or the rational-approximation method described in Section V. To this step, all the circuit elements in the modified T-equivalent circuit are determined. It is finally noted that the automatic generation of mathematically equivalent circuits for microwave passive components has been reported in the open literature [31] - [34] and even developed as commercial tools [35] , [36] . In their typical procedure for modeling a two-port reciprocal component, rational approximation is applied to the three network parameters, i.e., , , and or , , and for establishing the equivalent circuits based on Cauer or Foster network synthesis techniques [37] , [38] . When compared to the proposed modified T-equivalent circuits, the equivalent circuits established in their ways generally need more circuit elements to achieve a similarly large bandwidth. This is because the synthesis of modified T-equivalent circuits counts on modeling only two parameters, i.e., and . Besides, their equivalent circuits consist of , , , and elements often with many additional ideal transformers if generated using a Cauer structure [31] , [32] or with negative-valued elements if generated using a Foster structure [33] - [36] and, thus, are not as comprehensible as the modified T-equivalent circuits.
VII. CONCLUSION
The proposed new equivalent circuit has been found suitable for broadband modeling of LTCC BPFs. This is because the equivalent circuit uses a modified T topology to well characterize the LTCC BPF prototype configurations. In addition, it includes the parallel-and series-feedback resonant circuits to appropriately account for the high-frequency resonance effects. These two resonant circuits can be expanded to meet any need for increased bandwidth. It is emphasized that this new equivalent circuit can be efficiently established because all the circuit elements can be determined from the measured -parameters by means of either direct extraction or rational approximation. Consequently, in the example of modeling a 2.45-GHz WLAN LTCC BPF, the modeled -parameters have good agreement with the measured results over a frequency range more than three times larger than the BPF's passband center frequency.
